Bleomycin induces DNA and chromosome breakage. The differential sensitivity to the drug has been used in vitro to identify individuals at high risk of developing tumours. However, there are limited reports on the ability of bleomycin to induce apoptosis. In this study we tested induction of apoptosis in human peripheral lymphocytes by bleomycin at different concentrations and different culture times using various parameters, such as nuclear fragmentation and DNA fragmentation, evaluated either in situ with terminal transferase and labelled nucleotides (TUNEL) or by flow cytometry analysis. We demonstrate that bleomycin induces apoptosis without previous permeabilization of the cell membrane. Cell death occurs mainly by apoptosis and not by necrosis, with significant alteration of membrane lipoperoxidation (evaluated by luminescence).
Introduction
Bleomycin (BLM) is a water-soluble antibiotic used in the chemotherapy of carcinomas and lymphomas. The cytoxicity of BLM seems to be related to induction of single-and doublestrand breaks in DNA (Byrnes et al, 1990) , with consequent chromosome aberrations, in all phases of the cell cycle. For this reason, BLM has been denned as a radiomimetic agent. A higher rate of chromosome breakage has been found in subjects affected by some kinds of tumours and their relatives when compared with control groups (Hsu et al, 1989; Vernole et al, 1993) . This led Hsu et al. (1989) to propose in vitro tests for the measurement of sensitivity to BLM as indicators of individual capability in repairing DNA damage.
Despite the extensive use of BLM, the molecular mechanisms responsible for cellular sensitivity to the drug are not yet clear. A first crucial point seems to be crossing of the cell membrane by BLM. The drug is hydrophilic and requires an unknown transport mechanism to enter into the cytoplasm (Porvik and Austin, 1991) . To facilitate entrance of BLM into cells a number of workers have permeabilized the cell membrane by various methods, including treatment with lysophosphatidylcholine (Sidik and Smerdon, 1990), streptolysin-O (Johnston and Bryant, 1993) and electroporation (Poddevin et al., 1991; Tounekti et al, 1993) . However, these treatments increased cellular uptake of BLM by only 2-to 4-fold (Sidik and Smerdon, 1990) . Apoptosis was described in human fibroblasts only after electroporation (Tounekti et al., 1993 (Tounekti et al., , 1995 . However, there is at least one report of 'delayed' apoptosis induced by BLM in a human lymphoid cell line without perturbation of the cell membrane (Morris et al. 1996) . Hence, information on the mechanism of action of BLM is still limited and controversial.
In this report we examine the ability of BLM to induce apoptosis in both resting and cycling human lymphocytes without previous membrane permeabilization. We evaluated apoptosis by several different methods and performed cytogenetic analyses on the same cultures to determine possible correlations between chromosome aberrations and apoptosis. Moreover, to verify the possible involvement of oxyradical emission at the plasma membrane in cell death induced by BLM we measured ultraweak luminescence after BLM treatment.
Materials and methods

Cell cultures and treatments
Human lymphocytes from healthy informed non-smokers (age range 22-45 years) were purified using Lymphoprep (Nycomed, Oslo, Norway). After two washes in phosphate-buffered saline (PBS) 2X10 6 cells/ml were cultured in RPMI 1640 supplemented with 10% (v/v) heat-inactivated fetal calf serum. Cells were treated with 3.5 or 35 |iM BLM (Nippon Kayaku Co. Tokyo, Japan) and 5 mM hydrogen peroxide, as a positive control of apoptosis, at different times after starting the cultures. After 1 h incubation at 37°C cells were centrifuged to remove the chemicals and they were then resuspended in fresh medium. In all experiments one culture was left as an untreated control (i.e. no drug addition), although it was centrifuged and cultured in fresh medium like all other cultures. Treatments were as follows. Treatment A (on GO resting cells). Cells were treated immediately after cell purification and then kept in culture without stimulation for 72 h. Treatment B (on GO resting cells that were then induced to enter the cell cycle). Cells were treated immediately after cell purification and then cultured for 72 h in fresh medium containing 2% (v/v) phytohaemaglutinin (PHA-M; Difco) to stimulate cell division. Treatment C (on proliferating lymphocytes). Cells were treated after 48 h culture in medium containing PHA and were cultured after washing for another 24 h. Treatment D (on proliferating lymphocytes). Cells were treated after 66 h culture in medium containing PHA and were then cultured after washing for another 6 h.
For cytogenetic analysis (treatments B-D) cells were also subjected to a 2 h incubation period with colcemid (0.1 |ig/ml) before being harvested at 72 h.
Nuclear fragmentation analysis
Cells from the same cultures used for cytogenetical analysis were dropped onto clean slides and fixed with absolute methanol for 10 min. Slides were stained with either fluorochrome Hoechst 33258 (0.1 |ig/ml in PBS, 30 min at 37°C) or Giemsa solution (5% in phosphate buffer). At least 400 cells were examined for each sample. We evaluated the percentage of lymphocytes showing nuclear fragmentation and those showing pyknotic nuclei.
Cell death
Cell death was evaluated by the TdT-mediatcd dLTP-biotin nick end-labelling technique (TUNEL), flow cytometry analysis (FACS) or LDH release.
For TUXEL cells were dropped onto clean slides prc-coated with a 0.01 c <i aqueous solution of poly-L-Iysine (mol. v.t 3 000 000; Sigma) and air dried. Cells were fixed for 10 min in methanol, kept at 4°C and treated within 24 h. TUNEL was performed according to Gavrieli et al. M992) , with slight modifications (Melino et al., 1994) . Briefly, any endogenous peroxidase was removed with 2 c /r hydrogen peroxide. After washing cells were incubated with terminal deoxynucleotidyl transferase (TDT) and biotinylated dUTP in the appropriate bjffer at 37"C for 60 min. Slides were incubated with 2'i bovine serum albumin for 30 min and rinsed in distilled water and PBS.
•'To whom correspondence should be addressed. Tel: +39 6 72596060; Fax: +39 6 72596053 P.Vernole et aL Incorporated biotin was detected using avidin-peroxidase diluted in water, followed by development with 3-armno-9-ethylcarbazol (AEC) for 15 nun at 37°C. Cells were counterstained with haematoxylin. Four hundred cells were observed for each sample and the percentage of TUNEL-positive cells was calculated.
For FACS analysis cells from duplicate cultures were collected by centrifugation, washed in PBS, fixed with cold methanol/acetone (4:1 v/v) diluted 1:1 with PBS and stored at 4°C. They were then stained with propidium iodide (50 Hg/ml) in the presence of 15 000 U/ml RNase and examined in a FACScan flow cytometer (Becton-Dickinson). Fluorescence, resulting from excitation at 488 nm with a 15 mW argon laser, was monitored at 570 nm Events were triggered by the forward scatter (FSC) signal and gated for FSC and sidescatter (FSC-H/FSC-A/SSC) to avoid aggregates. Five thousand events were evaluated using the Lysis II programme.
To verify whether BLM induced cell death not only by apoptosis but also by necrosis we used a colounmetnc test that evaluated NAD + formation This test measures the lactate dehydrogenase (LDH) activity released from damaged cells into the culture medium (LDH kit DG1340K; Sigma) Cultures of 1 000 000 cells, from one subject, were submitted to treatments A-C in duplicate At the end of the experiments the culture medium was separated from cells by centrifugation and kept at 4°C until the colounmetnc test was performed.
Cytogenetic analysis
Chromosome preparations were obtained by standard techniques after incubation in a hypotonic solution (0.075 M KC1) and methanol/acetic acid fixation. Air-dried slides were stained with 5% Giemsa in phosphate buffer Fifty to 100 metaphases were examined for each sample to count chromosome breaks and exchanges (dicentncs, translocations, tri-and tetraradials, etc.). Cells showing extensive chromosomal fragmentation (>30 breaks) were classified as heavily damaged cells (HDC), as already descnbed by MacLeod et al. (1994) One of these metaphases is shown in Figure 1A , while Figure IB shows a metaphase with few aberrations, including a dicentric figure Mitotic indices (MI) were evaluated by counting the number of metaphases for 1000 nuclei.
Luminescence measurements
Lymphocytes from one individual were treated 48 h after stimulation by PHA (as in treatment C) Cells were centrifuged, resuspended at a concentration of lXlOfyml in PBS and treated with 3.5, 17.5 or 35 uM BLM, all treatments being performed in tnplicate. Ultraweak light emission was then measured in a highly sensitive LUMI-A luminometer (SEAS) as descnbed (Maccarrone et al, 1997) . Bnefly, the expenmental set-up used a reflective chamber, where samples to be analysed could be maintained at a constant temperature (24 ± 1°C), coupled to a Hamamatsu R1104 photomultiplier. The photocathode (wavelength response 200-850 nm) was cooled to -15 ± 1°C, in order to decrease dark current. The acquisition electronics were interfaced with a M24 personal computer (Olivetti) for data analysis. Cells were lysed by three cycles of rapid freezing (-80°C) and thawing ( + 25°C) and the protein content was determined (Bradford, 1976) . Sample luminescence was expressed as counts/s/mg protein Trie background emission from control cells was 318 ± 26 counts/s/mg protein.
Statistical analysis
For each subject a f} test was used to compare the number of damaged cells, of highly damaged cells (HDC), of cells with morphologically fragmented nuclei and of cells in division (mitotic index, MI) after the different treatments, compared with control cultures. Mean values and standard errors of fragmented nuclei, TUNEL-positive cells and of the different cytogenetic parameters were obtained using data from five individuals and the Mann-Whitney test was used to compare the means of treated and untreated cultures. The normal standardized deviate was calculated to evaluate differences in the mean numbers of chromosomal aberrations and LDH release by necrouc cells after the different treatments according to the formula u = [o -c]hlc, where u is the normal standard deviation!, o is data obtained after the different treatments and c that of untreated cultures.
Results
DNA fragmentation
The mean number of fragmented and pyknotic nuclei observed after BLM and hydrogen peroxide treatments was generally higher than that found in control cultures, as shown in Figure  2 . Statistical analysis by x 2 test demonstrated a significant increase in fragmented nuclei in cultures treated with 35 (iM BLM (except after treatment D) and hydrogen peroxide, while the increase was significant in only some individuals, but not in mean values, at the lower concentration of BLM. Some fragmented nuclei, stained either with Hoechst 33258 or Giemsa solution, are shown in Figure 1C and D respectively.
Induction of apoptosis by BLM was also demonstrated by evaluation of TUNEL-positive cells (Figure 3 ). Data obtained after the different treatments are reported as means of percentages on the respective controls (untreated cultures). Examples of TUNEL-positive and -negative cells are shown in Figure  4 . In all five individuals the increase in TUNEL-positive cells was significant at the highest concentration of BLM (2.68-to 5.77-fold increase), while the lowest concentration gave a significant increase in only two of five subjects (1.52-to 3.89-fold increase). An intermediate concentration of 17.5 (iM gave a significant increase in the cultures of the only two subjects examined (data not shown). Hydrogen peroxide was generally more powerful than BLM in inducing cell death (4.25-to 5.22-fold increase), as already observed by the screening of fragmented nuclei.
Flow cytometry analysis demonstrated that both BLM and hydrogen peroxide induced a significant increase in hypodiploid DNA events, which correspond to the number of apoptotic bodies. Figure 5 shows the effects of the two concentrations of BLM, in parallel with 5 mM hydrogen peroxide, on induction of hypodiploid events in one typical experiment. To simplify the figure, only one profile is shown for each experimental point, however, similar results were obtained from duplicate cultures.
Necrosis analysis
Cell death may occur by necrosis or apoptosis through different molecular mechanisms and with very different consequences. Some agents might alter the balance between necrosis and apoptosis, for example nitric oxide (Melino et al., 1997) . While FACS analysis recognizes only apoptotic death, TUNEL does not distinguish between types of death. Therefore, we decided to evaluate necrosis by measuring LDH release. The maximum increase in LDH activity was observed after treatment C with 35 uM BLM (Figure 6 ). In this case analysis of the normal standardized deviate showed a significant increase compared with data from untreated cultures. However, this increase was only 1.32-fold, while the increase in TUNELpositive cells or in the apoptotic bodies for the same treatment was ~5-fold, indicating that BLM induces apoptosis with only moderate secondary necrosis.
Luminescence measurements
Lipoperoxidation of the cell membrane has been shown to be involved in the mechanism of apoptosis (Maccarrone et al., 1997) . Moreover, the redox status of the cell seems to be crucial for the apoptotic programme (Wolfe et al., 1994; Torres-Roca et al., 1995) . Thus we evaluated membrane lipoperoxidation following BLM treatment by means of 'ultraweak' luminescence, a method already standardized for this purpose (Maccarrone et al., 1997) . The background emission from untreated cells was 318 ± 26 counts/s/mg protein and after treatment with 3.5, 17.5 and 35 flM BLM was 219 ± 22. 242 ± 24 and 232 ± 23 respectively. The decrease in percentage of 'ultraweak' light emission is shown in Figure 7 . Table I reports mean values of aberrations per cell, of the percentage of damaged cells and of MI from cultures of the same five subjects analysed by TUNEL. All BLM treatments induced a significantly higher number of chromosomal aberrations and of cells with aberrations, compared with untreated cultures. As expected, the extent of damage correlates with the concentration of BLM. Chromosomal-type aberrations were found after treatments B and C, but not D. The frequencies of dicentrics and acentric fragments in 100 cells were 0.014 and 0.091 after treatment B and 0.021 and 0.073 after treatment C with 35 p.M BLM respectively. Highly damaged cells were present only after treatments B and C with both concentrations of BLM, although their percentage was lower than 1 % with 3.5 [iM BLM, compared with 9.1 and 7.81% with 35 U. M BLM. Statistical analysis on cells in division (Ml) shows a significant decrease in metaphases at both concentrations of BLM after treatment D and only at the highest concentration after treatment C. An inverse correlation was found between chromosomal aberrations and MI after BLM treatments. A similar inverse correlation occurred between Ml and percentage TUNEL-positive cells. In Table II we report all data regarding a single subject, to allow an easier comparison among the different methods used to detect cell death and cytogenetic parameters.
Cytogenetic analysis
Discussion
We show here that BLM induces apoptosis without previous permeabilization of the cell membrane. This occurs at moderate concentrations of BLM, comparable with total clinical levels of -5-7 nM/ml (Zaffaroni et al, 1985) . At 3.5 jiM BLM induction of apoptosis was not always significantly increased, P.Vernole el al. probably reflecting the variability among individuals in response to BLM. In this case this concentration may be more useful in detecting hypersensitive subjects, while the highest concentration inducing extensive damage in all subjects might conceal hypersensitive ones. Incubation with BLM for only 1 h seems sufficient to induce chromosomal damage and apoptosis, in line with results on other kinds of cells by Lazo et al. (1989) , who observed a reduction in cell survival of ~50% using a concentration of 3 (iM BLM, i.e. similar to the lowest concentration we used.
BLM is able to induce chromosome damage in both unstimu- lated and in PHA-stimulated lymphocytes (Miller, 1991) . However, apoptosis has generally been studied in lymphocytes after their stimulation by different mitogens (Barbieri et al, 1994) . To evaluate possible differences in induction of apoptosis by BLM between resting and cycling lymphocytes we used different treatments, i.e. treatments A and B on resting cells, then after treatment B lymphocytes were induced with PHA to enter the cell cycle, while treatments C and D were performed on already stimulated cells. Thus we could demonstrate induction of apoptosis in the less sensitive resting cells, as was also reported by other authors when testing different agents (Bazar and Deeg, 1992) .
Of the different methods we used to measure apoptosis we consider TUNEL analysis to be the most suitable for our experiments. One advantage is that it allowed us to analyse cells individually and not pooled. This is important in the case of BLM because single cells may respond differently to the drug. This was demonstrated cytogenetically, by the simultaneous presence of HDC and undamaged cells, and at the DNA level, by the observation that a fraction of DNA in a treated cell population was extensively broken while the remainder was degraded to a much lesser extent (Iqbal et al, 1976) . This finding was confirmed by a Comet assay on single cells (Ostling and Johanson, 1987) . In our system apoptotic cells were recognized more easily by TUNEL than by morphological analysis. In fact, at the beginning of the apoptotic process there are many pyknotic nuclei, which in the case of lymphocytes are difficult to distinguish from small unstimulated lymphocytes. Clear nuclear fragmentation appears only later. However, the results we obtained by evaluating fragmented and pyknotic nuclei show the same trend in TUNEL analysis. The fact that TUNEL does not strictly indicate apoptosis might also be an advantage for its use as an indicator of sensitivity of DNA.
LDH activity measurement in the cell medium leads us to exclude, under our conditions (treatments A-C), a significant part of the cell death being due to necrosis rather than to apoptosis. The necrotic component might well be secondary to a lack of phagocytosis in vitro.
There was generally a good correlation between the decrease in MI and the increase in cells in apoptosis. This finding suggests that cells not reaching division were not resting in some phase of the cell cycle, for example to repair the damage, but instead die through apoptosis. However, contrary to what was found by other researchers for other drugs (Jha et al, 1995) , we observed both cells in mitosis showing many chromosomal aberrations and many cells undergoing apoptosis in the same cultures submitted to BLM treatment. This is in keeping with a multiple cell cycle access to apoptosis (Piacentini et al., 1993) . We confirmed that the existence of so-called HDC described by MacLeod et al. (1994) is peculiar to BLM treatment. HDC, according to these authors, might be the cytogenetic counterpart or precursor of damaged cells detected by the Comet assay (Ostling and Johanson, 1987) , since these cells present degraded DNA similar to that present in apoptotic phenomena. In fact, BLM-sensitive sites are present in nucleosomal linker regions (Kuo and Hsu, 1978) , the same site where endonucleases specific for apoptosis act. In certain cases exposure to DNA damaging agents does not cause immediate death by apoptosis; cells continue their cycle, accumulating chromosome aberrations and die through a form of mitotic death, morphologically very similar to or coincident with apoptosis (Morris et al, 1996) . As expected, the highest concentration of BLM induced more HDC. The cytogenetic analysis confirmed data already reported by various authors on BLM (Dresp et al, 1978; Porvik and Austin, 1991) . Chromosomal-type aberrations were induced in cells harvested at least one cell cycle after drug addition and not after treatment D, corresponding to late S and G2 phases. No significant differences in aberrations per cell were observed among treatments with 3.5 (iM BLM. In contrast, with 35 (iM BLM chromosomal damage was greater after treatment D, together with a significant decrease in MI, suggesting that cells after treatment D had insufficient time to repair damage, compared with the other treatments. Other authors using the premature chromosome condensation technique demonstrated that at least one third of BLM-induced aberrations may be repaired with time (Vig and Lewis, 1978) .
The molecular mechanism through which BLM induces cell death is not clear. DNA damage is the most likely possibility, however, this does not exclude other mechanisms, such as membrane alterations possibly triggered by lipid peroxidation TWble n. Percentages of fragmented and pyknotic nuclei, TUNEL-positive cells, apoptotic bodies and damaged cells, MI and breaks per cell after all treatments with BLM in lymphocytes from a single subject (Giaccia et al., 1991) . To clarify this point we measured 'ultraweak' light emission soon after cell treatment with BLM, since 'ultraweak' luminescence in eukaryotic cells has been shown to be associated with lipid peroxidation of biological membranes (Maccarrone et al, 1997) . BLM decreases light emission in lymphocytes, thus suggesting that oxidative damage of membrane lipids is not the cause of BLM toxicity. This is at variance with other apoptotic stimuli (Maccarrone et al, 1997) and confirms observations by other authors that plasma membrane perturbations by BLM are not correlated with cytotoxicity (Poddevin et al, 1991) .
